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SpSoxB1 Serves an Essential Architectural
Function in the Promoter SpAN, a tolloid/
BMPI-Related Gene

ALAN P. KENNY,' LYNNE M. ANGERER, AND ROBERT C. ANGERER’
Department of Biology, University of Rochester, Rochester, NY 14627

Transcription of SpAN, which encodes a secreted protease related to tolloid and BMP 1, is differentially regulated
along the animal—vegetal axis of the sea urchin embryo by a maternally initiated mechanism. Regulatory sites
that bind SpSoxB1 and CBF (CCAAT binding factor) are essential for strong transcriptional activity because
mutations of these elements reduce promoter activity in vivo 20- and 10-fold, respectively. Here we show that
multimerized SpSoxB1 elements cannot activate transcription from the SpAN basal promoter in vivo. However,
like other factors containing HMG-class DNA binding domains, SpSoxB1 does induce strong bending of DNA.
The CBF binding site lies abnormally far from the transcriptional start site at —200 bp. We show that the
SpSoxB1 site is not required if the CCAAT element is moved 100 bp closer to the transcriptional start site,
replacing the SpSoxB1 site. This supports a model in which the bending of SpAN promoter DNA by SpSoxB1

facilitates interactions between factors binding to upstream and downstream regulatory elements.

DNA bending HMG CCAAT

THE SpAN gene encodes a metalloprotease with sim-
ilarity to tolloid and BMPI that can function in a
BMP-mediated pathway (22) and remodel the apical
extracellular matrix of sea urchin blastulae (Howard
et al., manuscript in preparation). SpAN transcription
is transient and restricted to the nonvegetal domain
of cleavage-stage embryos and very early blastulae.
SpAN is activated cell autonomously, indicating that
it is regulated by maternal activities that are spatially
restricted along the animal—-vegetal (AV) axis (18).
Our laboratory identified two essential cis elements
within the regulatory region that are sufficient to
sponsor spatially correct, high-level transcription
(14). One of these contains a motif found in the pro-
moters of many genes that specifically interacts with
CCAAT binding factors (CBF) that are abundant in
early embryonic nuclear and whole-cell extracts
[(14); Kenny, unpublished observations]. The second
site contains Sox transcription factor binding motifs
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that confer strong positive activity to the SpAN pro-
moter as shown by the fact that replacement of this
binding site reduces promoter activity 20-fold (14).

Our studies identified SpSoxB1 as the major factor
that binds at these essential Sox regulatory motifs in
vivo (12), and we showed that the pattern of accumu-
lation of SpSoxB1 protein in embryonic nuclei pre-
dicts the transcripitonal pattern of the SpAN target
gene. In addition, recent work demonstrates that
SpSoxB1 protein works in opposition to the Wnt sig-
naling pathway to pattern cell fates along the animal—
vegetal axis and that it is essential for endoderm
differentiation (Kenny, Angerer, and Angerer, manu-
script in preparation). Because of its important role
in early fate specification, we are investigating the
mechanism by which SpSoxB1 activates its known
target gene, SpAN.

Sox factors contain a hallmark 70—80 amino acid
segment called the HMG (high mobility group) do-
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main that mediates their binding in the minor groove
of AT-rich cis elements. Sox factor binding typically
induces a bend of 70—85 degrees (15,23), and several
Sox proteins have been shown to function as architec-
tural transcription factors, facilitating the assembly of
stable multiprotein promoter complexes (6,17). Other
Sox factors contain activation domains, providing
them with the ability to serve as more classical acti-
vating transcription factors (9,10,21). In several
cases, Sox factor function is mediated through associ-
ation with partner transcription factors that bind
nearby DNA sequences (11). Our previous promoter
deletion analyses suggested that SpSoxB1 does not
have the ability to activate transcription indepen-
dently, because partial promoters containing Sox and
only several other cis elements are not active in trans-
gene assays in vivo (14).

Here we present evidence supporting a model in
which SpSoxB1 functions primarily as an architec-
tural factor that is required to facilitate the interaction
of the SpAN basal promoter with transcription factors
upstream in the regulatory region. We show that pro-
moters containing multiple copies of the SpSoxBl1
binding site linked to the SpAN basal promoter are
unable to activate transcription of a reporter gene in
sea urchin embryos. SpSoxB1 does induce dramatic
DNA bending as observed for other HMG-box con-
taining transcription factors (7), suggesting that a ma-
jor function of this factor in the SpAN promoter is to
facilitate the binding of other transcriptional activa-
tors and/or their interaction with downstream ele-
ments. Consistent with the latter idea, we find that
wild-type levels of transcriptional activation can be
achieved in the absence of Sox sites if the CBF bind-
ing site is positioned in its typical position closer to
the transcription start site and in the correct orienta-
tion relative to the SpAN basal promoter.

MATERIALS AND METHODS
Embryo Culture

Strongylocentrotus purpuratus (Sp) adults were
obtained from Marinus Co. (Westchester, CA) and
eggs were fertilized and embryos cultured at 15°C as
described previously (1).

In Vivo Transcription Activity Assays

Promoter activity measurements were made in
vivo using chimeric constructs carrying wild-type or
mutated SpAN promoters linked to a bacterial chlor-
amphenicol acetyltransferase (CAT) reporter gene as
described previously (24). Six new reporter con-
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structs were made for the experiments described here.
The first placed four copies of the higher affinity
Sox motif in SpAN site V (=106 to —=77) (14), up-
stream of a SpAN promoter that begins at —112 and
contains sites V, VI, and the basal promoter (Fig.
1A2). The other five constructs contained replace-
ments of the endogenous SpAN site I (CCAAT) with
the same bases used in previous work (14), and also
replaced 30 bp in SpAN site V with a wild-type SpAN
site II in either the forward or reverse orientation, as
shown in the Results section.

Circular Permutation Electrophoretic Mobility Shift
Assay (EMSA)

EMSA probes containing the entire SpAN site V
36-mer (LongV) or just the upstream SpAN site V
Sox motif 19-mer (5’V) were synthesized by PCR.
PCR primers contained an upstream Xbal site as well
as a downstream Sall site. For the 5’V insert, the top
primer used was 5-CTA GTC TAG AGA GAA
CAA TAA CAA TGA T-3’ and bottom primer was
5" - GGA ATT CCG TCG ACC ATC ATT GTT ATT
GTT CT-3’. For the LongV insert, the top primer
used was 5-CTA GTC TAG AGA GAA CAA TAA
CAA TGA T-3" and bottom primer was 5-GGA ATT
CCG TCG ACA GGA ACA AAG CAG TCG CC-3".
The amplified fragments were restricted with Xbal
and Sall and inserted in the middle of the dimerized
multiple cloning site (MCS) present in the pBend2
vector (13). The recombinants were digested with
BamHI, EcoRI, Mlul, Nhel, Nrul, Smal, or Xhol to
release the set of circular permutation assay probes
containing the LongV or 5’V binding sites located at
different positions along the 160-bp or 143-bp frag-
ments, respectively. The dephosphorylated inserts
were labeled at their 5’ ends to a specific activity of
5,000-10,000 cpm/fmol.

Binding reactions were carried out in 20 mM
HEPES adjusted to pH 7.9 with KOH, 5 mM MgCl,,
10 mM KCI, 10 mM DTT, and 100 ng sonicated sin-
gle-stranded salmon sperm DNA per microliter. For
each reaction, 2—4 fmol of probe was incubated at
15°C for 15 min with either 2 pl of in vitro translated
(IVT) SpSoxB1 protein prepared as described
previously (12) or 0.5 ug of 9-h nuclear extract pre-
pared as described elsewhere (3), excluding the dial-
ysis step. Competition with unlabeled DNA frag-
ments and antibody supershifts were carried out as
reported previously (12). All reactions were then
fractionated by electrophoresis through nondenatur-
ing 8% polyacrylamide gels in 1x TBE buffer (100
mM Tris, 100 mM boric acid, 10 mM EDTA). Bend-
ing angles were determined as described previously
(20).
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RESULTS AND DISCUSSION

Multimerized SpSoxB1 Elements Do Not Activate
the SpAN Basal Promoter

Some Sox factors have the capacity to behave as
classical transcriptional activators at promoter target
sites (8,21). Previous work demonstrated that ~300
bp upstream of the transcription start site of SpAN is
sufficient for spatially correct, high-level transcrip-
tion. Within this region, we identified two regulatory
elements critical for activity. These included ~36 bp
bearing Sox binding motifs between —103 and —75
(site V) and a CCAAT element centered at —203 (14).
Site V contains 5" and 3" elements with high and low
affinity, respectively, for SpSoxBl. To determine
whether the factor(s) binding to the Sox motifs had
independent ability to activate transcription, we con-
structed a promoter containing four high-affinity
SpSoxB1 binding motifs placed upstream of SpAN
site V, site VI (which binds the Spl-like DNA loop-
ing factor, pGCF) (27), and the basal promoter (Fig.
1A). This promoter, fused to a CAT reporter, was
injected into sea urchin one-cell embryos and blastu-
lae were assayed for CAT activity. In four such ex-
periments, one of which is illustrated in Figure 1B,
no promoter activity was detectable, whereas control
wild-type SpAN promoters gave high levels of activ-
ity. DNA slot blot hybridizations show that this
difference in activity is not attributable to differences
in transgene levels in these embryos. These results
demonstrate that factors interacting with the Sox
elements in sea urchin embryos are unable to activate
a basal promoter and consequently suggest that
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SpSoxB1, which is the major factor binding at these
elements (12), cannot independently activate tran-
scription.

SpSoxB1 Induces a Sharp Bend in SpAN
Promoter DNA

To test the possibility that SpSoxB1 serves an ar-
chitectural role in the SpAN promoter by bending the
DNA, we carried out circular permutation EMSAs.
As probes we used either just the higher affinity up-
stream SpSoxB1 binding cis element from SpAN site
V (5’V) or the entire site V (LongV), which contains
both the upstream and the lower affinity downstream
Sox binding motifs (Fig. 2A). With each probe from
the 5’V circular permutation series prepared as de-
scribed in Materials and Methods, SpSoxB1 trans-
lated in vitro (IVT) produced a single complex (indi-
cated by the arrow in Fig. 2B) whose mobility
increased when the Sox binding site was moved to
more terminal positions in the probe. A DNA bend-
ing angle of ~60° was calculated from these mea-
surements (see Fig. 2 legend). The same complex was
seen for the LongV probe, as well as a much less
abundant complex of lower mobility (Fig. 2B, arrow-
head). This latter complex corresponds to occupancy
of both upstream and downstream Sox elements.
EMSAs show that in vitro translated SpSoxB1 can
bind to either 5" or 3" Sox elements (Fig. 2C, left)
and can occupy both sites simultaneously at higher
protein concentration (Fig. 2C, right and also leftmost
lane). Consistent with this, both sites are required for
full promoter activity in vivo (12).
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Figure 1. Multimerized Sox binding motifs do not mediate transcriptional activation. (A) Diagrams of wild-type (1) and mutant (2) SpAN
promoter/CAT reporter transgenes. Identified sites of protein binding are indicated on the wild-type promoter. Open circles represent factors
whose identity is not yet known. (B) CAT reporter assays of activities of these two constructs with corresponding quantitation of transgene

DNA levels in embryos. U, uninjected embryos.
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Figure 2. SpSoxB1 bends SpAN promoter DNA. (A) Bending assay probes used in EMSAs, which contain inserts of Sox binding sites at
circularly permuted positions. Specific inserts used as binding sites are indicated for the long SpAN site V probe, LongV (LV), as well as
for the upstream, high-affinity Sox motif (5'V). (B) EMSAs using SpSoxB1 protein translated in vitro and the 5’V or LongV probe sets
(1-6) as indicated. The complex formed by single occupancy by SpSoxB1 is indicated by an arrow. A bending angle was computed as
described previously (20). The complex formed on the LongV probe that results from binding at both the upstream and downstream Sox
motifs is indicated with an arrowhead. (C) In vitro translated SpSoxB1 can bind simultaneously to both Sox elements in the LV SpAN
sequence. Probe 1 contains both Sox motifs while in probes 2 and 3 the 5" or 3’ elements, respectively, are mutated by sequence replacement.
The heavy and light arrows mark complexes with double and single occupancy, respectively. In the experiment shown to the right, the
concentration of SpSoxB1 protein is reduced by successive factors of 3. The asterisk indicates a complex formed with a protein other than
SpSoxB1 present in the rabbit reticulocyte lysate and the LV probe. (D) Sox bending EMSAS using 9-h embryo nuclear extract and either
5’V or LongV probe sets. Lanes are arranged as in (B). Higher mobility complexes may be due to the binding of other Sox factors or
degradation products of SpSoxB1, or the formation of multiprotein complexes. Single and double site occupancy SpSoxB1 complexes are
indicated with arrow and solid arrowheads, respectively. The double occupancy complex formed with LongV, probe 1, is indicated by an
open arrowhead. (E) Complexes formed with LongV, probe I (arrow) are specifically competed with the upstream Sox binding motif of
SpAN site V (S) but not with heterologous DNA competitor (NS). A nonspecific, low mobility complex formed in these reactions is indicated
by an asterisk.
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To test whether DNA bending also occurs in the
context of other nuclear proteins that might associate
either with SpSoxB1 and/or with the probe, we car-
ried out similar bending assays with proteins in 9-h
sea urchin embryo nuclear extracts. Both 5’V and
LongV probes produced a predominant band (indi-
cated by the arrow in Fig. 2D) that has the same mo-
bility as the complex produced by IVT SpSoxB1 as
previously shown (12) (Fig. 2B, C). These complexes

form specifically with the Sox motifs in the probe, as
shown by competitions with unlabeled fragments
(Fig. 2E). A minor complex with lower mobility that
is observed in the competition experiment (Fig. 2E,
asterisk) is nonspecific because it is not competed by
the homologous competitor. It does not correspond to
the minor complex formed by double occupancy (Fig.
2D, lane 1, open arrowhead), which has higher mo-
bility. The migration shifts indicate that both 5’V and



SpSoxB1 DNA BENDING FUNCTION IN THE SpAN PROMOTER 287

LongV probe DNAs are also bent to approximately
the same degree by proteins present in nuclear ex-
tracts as by IVT proteins.

Moving the CBF Binding Site Closer to TATA
Can Substitute for SpSoxBl1 Function in the
SpAN Promoter

The results described above suggest a model in
which SpSoxB1 promotes transcription of the SpAN
gene primarily through DNA bending, rather than
through transcriptional activation. Of the several cis-
acting elements identified upstream in the SpAN pro-
moter, the quantitatively most important is CCAAT,
which binds CBF. Mutation of this element causes a
significantly greater reduction (10-fold) in SpAN pro-
moter activity (14) than does replacement of other
binding sites: similar mutation by replacement of ei-
ther site I or IV results in ~1.5-fold increase or de-
crease, respectively, in promoter activity in vivo,
while site III replacement reduces promoter activity
about threefold (14). A second reason to suspect that
Sox-mediated DNA bending enhances the activity of
CBF is that the position of the CBF binding site at
—203 in the SpAN promoter is atypical: a survey of
178 CCAAT motifs in 96 unrelated promoters
showed a strong preference for location between —80
and —100 (mean position —89) (16). CBF can func-
tion as an independent transcriptional activator. For
example, two copies of the CBF binding motif are
located at —136 and —96 in the SpHE promoter, which
shares the same temporal and spatial pattern of ex-
pression as SpAN. These elements are sufficient to
mediate transcription from the SpHE basal promoter
in the correct spatial pattern (25).

For these reasons, a plausible hypothesis is that
SpSoxB1 provides an appropriate structural context
in the SpAN promoter that facilitates the interaction
of upstream factors, particularly CBF, with elements
downstream of the Sox site. If that were the case,
then the Sox motifs and SpSoxB1 might be dispens-
able if the CBF binding site were relocated to its
more typical proximal position. To test this possibil-
ity, several alterations were made in the —300 SpAN
regulatory region, as illustrated in Figure 3: the se-
quence between —77 and —106 that contains the Sox
elements was removed and the CBF binding site was
inserted its place. The exact position and orientation
of this motif relative to the basal promoter were var-
ied in five separate constructs, labeled A—E, to allow
for possible effects of helical rotation and orientation.
With respect to sequences downstream of the inserted
CBF binding site at —100, these constructs are identi-
cal to those used for testing SpSoxB1 transcriptional

activating activity (Fig. 1). In constructs B, C, and E,
the CCAAT motif is on one side of the helix while
in A and D it is on the opposite side, as diagrammed
in Figure 3 (top panel). In two separate experiments,
high levels of transcription relative to wild-type ac-
tivity were observed from constructs B (44%), C
(46%), and E (96%), while much weaker or no de-
tectable transcription was observed for constructs A
(0%) and D (17%) (Fig. 3, lower panel). The fact that
wild-type levels of transcription can be achieved with
promoter construct E is consistent with the proposal
that SpSoxB1 facilitates transcriptional activation,
mediated by CBF and perhaps other upstream factors,
through strong bending of SpAN promoter DNA at
~—100. For the SpAN promoter, this is an essential
function because mutation of the bending site reduces
promoter activity to nearly basal levels.

The relative activities of constructs A—E show that
the —300 promoter is insensitive to the orientation of
the CBF binding site but very sensitive to its position
along the helix. Constructs B and C, which contain
the CBF element at the same position relative to
the basal promoter but in opposite orientations,
are equally active. In contrast, constructs A and C,
which have the Sox motif in the same orientation but
on opposite sides of the helix, differ more than 10-
fold in promoter activity (Fig. 3). The sensitivity of
this shortened promoter to the exact positioning
of CCAAT contrasts with the relative insensitivity of
the wild-type promoter to similar alterations of
CCAAT positioning around —200 (Kenny, unpub-
lished observations). This difference probably reflects
the greater flexibility of the longer stretch of DNA
between the CBF binding site and the basal transcrip-
tional machinery.

The possibility that the positive activity of Sox fac-
tors in the SpAN promoter is mediated, in part,
through direct interaction with other factor(s) cannot
be excluded. However, based on current evidence, we
do not favor this view. Mutation of DNA sequences
adjacent to the Sox motifs does not affect promoter
activity (12,14) and complexes formed with SpSoxB1
translated in vitro and with nuclear extract proteins
are indistinguishable in EMSAs. Most significantly,
the fact that wild-type levels of SpAN promoter activ-
ity can be achieved in the absence of SpSoxB1 dem-
onstrates that it does not contribute any essential pro-
tein—protein interactions.

A model for how the Sox cis elements could medi-
ate SpAN transcriptional activation is presented in
Figure 4. The Sox elements are located midway be-
tween the CBF binding sites and the basal promoter,
a position that is appropriate for SpSoxB1 bending at
these sites to act as a hinge. In addition, positioned
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Figure 3. SpSoxB1 function can be substituted by altering the position of the CBF binding site. (Top) Diagrams of SpAN wild-type and
mutant (A—E) promoters. The wild-type Sox, site (soxsox) was replaced with the CBF site, which was tested in both orientations and on
opposite sides of the helix. Sequences containing the CBF site (indicated by arrows) are aligned in their relative positions with respect to

the transcription start site. The drawing in the bottom of the top p:

anel illustrates that constructs B, C, and E place SpSoxB1 on one side of

the helix and A and D place it on the opposite side. Arrowheads indicate the orientation of the cis element (CCAATTA) for each construct.
In promoters A and C, this orientation is the same as in the wild-type promoter. (Bottom) The activities of mutant promoters were measured
in two separate experiments as described in the legend to Figure 1B and in Materials and Methods and are compared after normalization to

the activity of the wild-type promoter.

at similar distances on either side of the Sox binding
sites are elements that bind pGCF1 (14), a factor that
has been shown to form homodimers with the capac-
ity to loop out intervening DNA (27). Such an inter-
action might further stabilize the promoter architec-
ture produced by SpSoxB1. This model proposes that
transcriptional activity is mediated primarily through
the CBF site and components of the basal transcrip-
tion complex, based on previous in vivo assays show-

ing the importance of this element and on the direct
tests of repositioning the CBF element reported here.
However, it does not exclude the possibility that
bending by SpSoxB1 also facilitates interactions be-
tween factors bound at other upstream and down-
stream elements.

Many transcription factors that contain HMG do-
mains have been shown to serve architectural func-
tions through their ability to enhance the binding and/
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or activity of closely associated transcription factors.
For example, in the 81-crystallin gene, a 30-bp-long
fragment contains a Sox2 binding element and an-
other element, both of which are required to elicit
lens-specific expression (9). In the Fgf-4 promoter,
Sox-2 and Oct-3 are binding partners that require one
another to strongly activate transcription (26). At the
human interferon B enhancer, a short (57 bp) regula-
tory region, HMG-I(Y), cooperatively establishes
protein—protein and DNA-—protein interactions in a
stereospecific manner to form a transcription—activat-
ing complex (5,19). However, other studies show that
functional promoter architecture relies not only on
close-range interactions between protein—DNA com-
plexes, but also on interactions among proteins
whose DNA binding sites may be more distant from
one another (2,4). The results presented here suggest
that a major function of SpSoxB1 in activating the
SpAN promoter is to facilitate such interactions
through DNA bending. However, it is likely that re-
gions of the SpSoxB1 protein other than the DNA
binding domain may play a role in the regulation of
other genes. Because SpSoxB1 is an important devel-
opmental regulator of specification of germ layers in
the sea urchin embryo being essential for both for
endoderm specification and normal differentiation of
ectoderm, it will be important to understand how it
functions in other target genes.

Figure 4. Model for the role of DNA bending by SpSoxBl1 in acti-
vation of the SpAN promoter. Binding of SpSoxB1 to the Sox mo-
tifs of the SpAN promoter bends the DNA, facilitating the interac-
tion of upstream and downstream factors. This conformation may
be stabilized by pGCF homodimerization. Open circles represent
other known sites of DNA—protein interaction (14).
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